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Glossary

1. A number of terms now in general use in describing
the main features of voltage and current pulses have been
lerived from the geometrical characteristics displayed
by such pulses when plotted on the usual voltage- or
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current-time graphs. Since these terms will be used
frequently throughout the following discussion of pulse-
width modulation, the following explanations are given
to avoid confusion. (Reference is made to typical (voltage)
pulses illustrated in Fig. 1) :—
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Fig. 1—Types of voltage pulse
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(a) D.C. Pulses—Voltage or current pulses in which the
voltage or current excursion may be considered
as being entirely positive or negative with respect ! v
to the stcady-state conditions of the circuit. jronnee o Bystes R e
Such pulses are often designated *¢ positive ” ARG . N Jiuecs puuse
(or “‘positive-going ) and “‘ negative ” (or | Tl
“ negative-going ) (see Eig. 1 (a), (b) and (). (@ THE CLIPBINC PROCE $§ B THE SLICING PROCESS

(b)) R.F. Pulses—Pulses of radio-frequency oscillation 1408
whose envelopes have a square or trapezoidal
form (sce Fig. 1 (d) and (e)).

(¢) Puise width.—The duration of a pulse, from onset
to completion, usually measured in microseconds.

Fig. 3—Pulse clipping and slicing

Modulation—general

In some cases the width of a pulse at a specified 2. Inany communiczit‘lpn system e’r,nploymg f{I‘OdUIE}HOg
voltage level may be referred to.  Thus the width the essentials are the *“intelligence ” and the ** carrier.
of the pulse in Fig. 1 (b) is 3pusec. at 85V. The intelligence will usually have a highly complex wave
(d) Leading edge, front cdge or front.—That part of a pulse form which, however, may be analysed into the simple
traced from onset 1o peak. A steep-fronted puise ~ Wave forms of all the frequencies present., with their
is one in which the peak is reached in a com- appropriate amplitude and phase relationships. The
paratively short time after the onset. - wave form of the carrier, in the unmodulated condition,
(e) Trailing edge, back edge or back.—That part of th will have its three main attributes, amplitude, frequency
pulsc traced from peak to completion. and phase, all constant. ‘The carrier frequency is usually
(f) Sguare (or vectangular) pulse—A pulse in which considerably higher tho~ that of any of the component
the leading and trailing edges are cxtremely frequencies of the inteli’ :nce. The process of modulation
stecp, and the top is dat (see Fig. 1 (a)). involves impressing urn the carrier the characteristics
(g) Sazwtooth pulse.—A pulse of triangular form in which of the intelligence wave form in such a way that ore of the
the leading and trailing edges are (usually) linear, main attributes of the carrier wave form is varied linearly
the trailing edge generslly being very much in accordance with the configuration of this wave form.
steeper than the leading edge (see Fig. 1 (b)). It will be convenient, in the first instance, to draw an
(h) Height or amplitude.—In the case of a D.C. pulse, analogy betwcen normal methods of modulation of a
this mcasures the total voltage or current excursion sinusoidal carrier by a single intelligence frequency, and
from onsct to peak. This is shown in Fig. 1 (a), modulation, in the various ways possible, of a pulse wave
ctc. In the case of R.F. pulses, the term form by the same frequency ; and afterwards to proceed
amplitude has the usual significance. to develop the idea of pulse-width modulation for simple
() Trapezoidal pulse—A pulse having.a flat top and and more complex intelligence wave forms.
sloping edges, as shown in Fig. 1 (¢). 3. Consider first the results of amplitude modulation,
(k) Integration and differentiation.—A square voltage and of frequency modulation, of a sinusoidal carrier by
pulse applied to a resistance-capacity combination modulating wave forms representing, firstly a low, leud
of suitable dimensions will develop voltage pulses note, and secondly a high, soft note, each of a single
across the two components whose general forms frequency. (Note: The diagrams given in Fig. 4 imply
will be as shown in Fig. 2. The voltage across the that loudness is a function of amplitude only, and not of
condcnser is known as the integrated form, and frequency. In point of fact, the loudness-frequency
that across the resistance as the differentiated characteristic of the human ear for sounds of equal power
form, of the applied voltage pulse. is complex. For the sake of simplicity, however, the
(I) Pulse clipping.—The process of selecting for ampli- response is taken to be linear for the two frequencies
fication only that part of a pulse which lies illustrated.) In amplitude modulation, the extent of the
between the peak, or the base, and a specified amplitude variation of the carrier from that in the un-
voltage level (see Fig. 3 (a)). modulated condition measures the comparative loudness
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Fig. 4—Diagrammatic representation of different types of modulation

of the note, while the number of complete variations in
amplitude per second represents the freguency of the note.
_This sentence is equally true for the case of frequency
modulation if throughout the word frequency be sub-
stituted for the word amplitude. The wave forms of the

MODULATION OF

4. The term *‘‘unmodulated carrier > usually implies
a sinusoidal wave form of frequency very much higher
that that of any frequency in the intelligence spectrum.
The question of the necessity of this comparatively high
carrier frequency will be referred to later. It is the carrier
wave form that is of immediate. interest. Provided that
this wave form follows a regular and continuously repeating
pattern, and provided that one of its main characteristics
is capable of varying linearly in accordance with the
modulating wave form, then linear modulation is possible.
Thus, for example, let us suppose that the unmodulated
carrier consists of a train of equal D.C. pulses, rectangular
in form and recurring at equal intervals of time. Such
a train of pulses is shown in Fig. 4 {¢) to (f), and, for
convenience in reference, a series of lines are drawn
~ vertically on the diagram at equal intervals of time, the
pulses in the unmodulated condition being assumed to
have constant width and amplitude and to occur regularly

Issue I, 22 Apr. 1946

modulating frequency, the unmodulated carrier and the
modulated carrier shown in Fig. 4 (a) and (b) clearly
indicate the results of the processes of modulation of
amplitude and frequency.

PULSE WAVE FORMS

at fixed intervals of time after the reference times. The
main characteristics of the pulse train which may be
varied by the modulating process are :-—

(a) Amplitude.

(b) Phase.

(¢) Recurrence frequency.

(d) Width.

5. The results of modulating the pulse train by varying
in turn one pf these characteristics with a wave form
corresponding to a comparatively low, loud note, and a
high, soft note, are shown int Fig. 4 (¢) to ( f) and should
be compared with the corresponding results for a sinusoidal
carrier. As in the case of modulation of a sinusoid, so for
the modulation of a pulse train, it is the extent of the
variation in the characteristic of the pulse train that is
determined by the loudness of the note, while it is the
frequency with which this variation is carried out that is

Page 3
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determined by the frequency of the modulating note.
Since all these modes of pulse-train modulation, and others
derived from them have been, or arc being, employed in
experimental or productlon equipment, it is worth while
spending a short time in considering amplitude, phase
and recurrence frequency modulatlon of pulses before
proceeding to the more detailed consideration of width
modulation. A

6. In any form of pulse-train modulation, the relative
discontinuity of the unmodulated wave form leads to the
necessity of selecting appropriate voltages from the
modulating wave form to bring about the modulation
of each individual pulse. The wvoltages appropriate
to these pulses will be termed *¢ instantaneous modulating
voltages » throughout the following discussidn, and, with
respect to the mean modulating voltage, may be either
positive or negative, the change of sign taking place
regularly for a sinusoidal modulating wave.

Pulse-amplitude modulation (P.A.M.)

7. In this mode the heights of individual pulses in the
train are so affected by the modulating process that each
individual pulse has a final height corresponding to its
unmodulated height, with an amount corresponding to the
appropriate instantaneous modulating voltage (taken at
the onset of the pulse) added to it algebraically, As a
direct result, the upper envelope of the modulated pulse
train. follows the form of the modulating wave, and the
process is analogous to amplitude modulation of a sinu-
soidal carrier (see Fig. 4 (¢)). The exten: of the amplitude
variation is determined by the Joudness of the note, while
the frequency with which the variation is executed is
determined by the frequency of the note.

Pulse-phase modulation (P.P.M.)

8. In this mode the instants of production of individual
pulses are delayed or advanced from the time positions
they would occupy in the unmodulated condition by
amounts, and in senses, which are dependent upon the
values and signs of the corresponding instantaneous
modulating voltages in the modulating wave. It might
appear from purely geometrical considerations based on
Fig. 4 that these instantaneous modulating voltages should
be selected from the modulating wave form at timeintervals
equal to those between the pulses in the unmodulated
train, and at instants coincident with, or slightly in advance
of, the earliest possible time of formation of the pulses;
and that, if the relative displacements of the individual
pulses are then made proportional to the appropriate
modulating voltages, linear phase modulation, will result.
This (theoretical) method of deriving the wave form
of the phase-modulated pulse train clearly envisages
some such initial delay in pulse production, since other-
wise the formation of a pulse advanced in phase might
have to anticipate the instantaneous modulating voltage
controlling its formation. In practice, this method of
spacing out the phase-controlling voltages regularly in
the modulating wave form is not adopted. Neither,
as is shown in paras. 77 to 85, is such a process necessary
to secure linear phase modulation. The actual method
used (for both pulse-phase, and pulse-width modulation)

is discussed from a circuit point of view in paras. 47 to 53, .

from a mathematical point of view in paras. 75 to 84,
and an outline is given in para: 14.
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9. For the sake of preserving continuity of ideas, pulse-
phase modulation has been dealt with before pulse-width
modulation. It should be stated here, however, that a
phase-modulated pulse train may be derived directly
from a width-modulated train by clectrical differentiation,
followed by selection of the differentiatcd pulses corres-
ponding to those edges of the width-modulated train
which carry the intelligence. ‘T'he results of pulse-phase
modulation arc shown in Fig. 4 (d). The extent of phase
variation of the pulses will depend upon the amplinide
of the modulating wave form, while the frequency with
which the whole cycle is carried out will be determined by
the frequency of the modulating wave.

Pulse-recurrence frequency meodulation (P.F.M.)

10. Hcre the recurrence frequency of the pulse train is
made to vary to an extent dependent upon the amplitude
of the modulating wave form, and with a fr. equency equal
to the frequency of this wave. The process is thu
analogous to frequency modulation of a sinusoidal carrier,
and the results of modulation are shown in Fig. 4 (e).

Pulse-width modulation (P.W.M.)

11. In this method of modulation the widths of the
pulses are so controlled by the modulating wave form
that the width of each individual pulse is varied to an
extent, and in a sense, dependent upon the value and the
sign of the appropriate instantaneous modulating voltage.
Since variation in the width of a pulse will involve dis-
placement of one or both edges along the time axis, i.e.,
phase modulation of the pulse edges, the instants of selection
of the modulating voltages controlling the widths of in-
dividual pulses will be subject to the same considerations
as those encoumtered for phase modulation of the pulse
train, and the same references are therefore made. For the
moment, it is sufficient to obtain a general picture so that
we may compare all the basic methods of modulation.
The process of width modulation will thercfore be
summarized by sayinr that to the width of each pulse
in the train is added (s. sebraically) a quantity proportiona’
to the value of the corresponding instantaneous modulating
voltage, with the result that linear pulse-width modulation
is produced. The extent of the width variation of the
pulses is determined by the amplitude, and the frequency
with which the variation occurs by the frequency, of the
modulating wave.

12. To summarize the results of linear modulation by
all processes so far discussed, a single graph may now be
drawn. The abscissae on this graph will represent the
same time scale as that used in Fig. 4, while the ordinates
will represent the instantaneous amplitudcor instantaneous
frequency (for amplitude- and frequency-modulation of
a sinusoidal carrier), or instantaneous amplitude, phase,
recurrence frequency, or width (for pulse-train modulation),
as the case may be. In every case the curve traced by the
ordinates will follow the same form as that of the modula-
ting wave. Such a graph is shown in Fig. 5.

13. A number of derived methods of pulse modulation
dependent upon the above main methods are possible
and in some cases are being emploved. Thesc in general
involve using a group of pulses to replace the individual
pulses in the train discussed above, but full discussion
of all possible methods is beyond the scope of this treat-
ment. The main methods in use are abulated in Fig. 6.

Issue 1, 22 Apr. 1946
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PULSE-WIDTH MODULATION

The particular method of width modulation

14. 1In Fig. 7 (a) a modulating voltage wave form and a

ain of pulses to be width-modulated by it are shown.
.«ow it is possible to bring about variation in the widths
of the pulses in three main ways. The leading edges
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of the pulses may be advanced and retarded, the trailing
edges may be advinced and retarded, or both edges may
undergo simultaneous displacements in opposite senses
by equal amounts, controlled by the modulating wave.
In paras. 8 and 11, both of which deal with methods of
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pulse modulation involving displacement of one or both
pulse edges along the time axis, it is suggested that purely
geometrical considerations lead one to expect that for
linear modulation the instantaneous modulating voltages
controlling the edge. displacement of individual pulses
should be selected from the modulating wave form at
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intervals of time equal to those between the unmodulated
pulses, and at instants coincident with, or slightly in
advance of, the earliest possible moment of formation
of the pulses concerned. In Fig. 7 (a) such voltages
fulfilling these conditions are shown extracted from the
modulating wave ; front-edge-width moduation is con-
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sidered, and the dotted lines adjacent to the firm pulse
edges indicate the appropriate positions taken up by the
edges of the pulses after modulation. These positions
have been arrived at by advancing or retarding (according
to the sign of the instantaneous modulating voltage)
the leading edges of each pulse by an amount proportional
to the controlling voltage. The resultant pulse train
is in fact linearly modulated by the modulating wave form.

15. This method of modulation and the results obtained
from it are based on purely theoretical considerations,
and are not encountered in practical devices for producing
either width- or phase-modulation of pulse trains.
Paras. 77 to 85, dealing with the mathematical aspect of
the subject, show that it is not necessary to space out the
edge-controlling voltages regularly in the modulating
wave form, provided that a particular form of control
over the formation of the edges concerned is exerted by the
modulating wave. It is this form of control which is
employed in practical circuits and the fundamentals of

will now be described. It will be supposed that in the
system employed the mean pulse width is @ and the
maximum allowable deviation from this widthisd. Front-
edge modulation is considered, since this type of width
modulation is employed in practice. It will also be
supposed that linear modulation occurs, i.e., that a steady
modulating voltage gives rise to a proportional steady
change in pulse width. Thus, if the instant at which
a given pulse would start in the unmodulated condition
is taken as’t = 0, we may graph against t the modulating
voltage required to cause the pulse to start at any instant
between t= —d and t= -d, and the graph will be a
straight line as shown in Fig. 7 (). Also, if over-
modulation is to be avoided, the instantaneous value, v,
of the modulating voltage must be kept within the limits
—V to +V, where V is the voltage that causes maximum
deviation d in the position of the pulse edge. If now, at
time t= —d, v=v;, and at time t= 4d, v=v,, with
continuous variation of v, the modulating voltage, between
these times, then, whatever form the intermediate variation
may take, there must be some instant between t= —d
and t= -}-d at which the modulating voltage takes up the
=npropriate valuc to cause the pulse to start at that instant,

s i1s shown in Fig. 7 (b) by the point X, whose co-
ordinates represent the time at which the pulse starts,
and the voltage controlling the start.

16. Ifeach pulse in the train has its front edge positioned
in this manner, it is clear that the voltagés controlling the
edge formation are no longer spaced equally along the time
axis, since they are coincident with the front edges of the
pulses they control. It will be shown that practical
circuits behave in this way (paras. 47 to 52), and that the
resulting width-modulated pulse train contains com-
ponents representing the modulating wave form, without
distortion, subject to certain restrictions that will be
indicated (paras. 84, 85). Linear modulation therefore
results from the method. Fig. 7 (¢) shows the results
of modulation on these lines, the instantaneous modulating
voltages now being coincident with the pulse edges they
control, but no longer spaced regularly along the time axis.

Essentials of a pulse-width modulation
transmission system

17. It would be possible to pass a train of pulses, after
‘dth modulation, over an ordinary wire system, provided
at the pulses were not seriously distorted by the

Issue 1, 22 Apr. 1946
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attenuation frequency characteristics of the line.
However, such a system would offer little, if any, advantage
over more conventional systems, either in the matter of
privacy, or for any other reason. It is the employment
of pulse-width modulation and other forms of pulse
modulation over wireless links that offers the greatest
possibilities, and this is the role in which pulse modulation
is chiefly employed. The main advantages of this type
of communication system will appear in the succeeding
text, and will be summarized at the end. For the moment,
the requirements of a simple pulse-modulated wireless
link employing width modulation will be considered.

18. For transmitting it will be required to produce a train
of unmodulated D.C. pulses. This is usually achieved
by the use of a pulse generator whose recurrence frequency
determines that of the pulse train, and a modulator. The
pulses themselves are produced in the modulator and the
modulator also receives the intelligence in the form . of a
voltage wave. The output consists of a train of width-
modulated D.C. pulses. These are fed to the modulator
of an R.F. oscillator, with the production of a train of
R.F. pulses, the envelope of which conforms exactly with
that of the modulated D.C. pulse train. The final R.F.
output is then taken to a suitable aerial system.

19. For reception, a normal type of superhet. receiver
will be required to amplify, and detect the envelope of,
the incoming R.F. pulse train. The regenerated D.C.
pulses thus obtained may, in the simplest system, be passed
direct to a telephone or other acoustical or mechanical
device capable of reproducing the intelligence, since, as is
shown in the mathematical treatment (paras. 77 to 84), the
wave form contains all the intelligence frequencies.
Where, however, the pulse recurrence frequency itself
falls within the audio spectrum, a second detector, con-
sisting essentially of an integrating circuit followed by a
low-pass filter, may be used, this arrangement serving
to attenuate the pulse recurrence frequency and its har-
monics until they are no longer audible. This second
detector does, in fact, convert the width variations of the
pulses into corresponding voltage variations, so pro-
ducing a voltage wave form at the output corresponding
to that originally used to modulate the pulse train.

20. It is thus clear that a pulse-width-modulated wireless
system must employ two processes of modulation and one
or two processes of detection. A block schematic of the
essentials of such a system is shown in Fig.-8, the com-~
ponents listed providing, of course, for transmission in
only one direction. Duplex working will require complete
duplication of the equipment. It is not considered
necessary in this treatment to deal with the radio-frequency
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Fig. 8—Essentials of a pulse-width modulation
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transmitter and its modulator in detail, since these follow
on conventional and well-established lines. The circuits
for producing and shaping the modulated D.C. pulse
train are described in paras. 47 to 53. Some extremely

ENGINEERING REGULATIONS

important aspects of pulse-width modulation are, however,
bound up with the question of receiver design, and of the
circuits following the first detector, and these aspects
will be considered in the succeeding paragraphs.
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THE P.W.M. RADIO RECEIVER

Band-width requirements

21. In the foregoing statement of the requirements of
a pulse-width-modulated wireless transmission system,
it was taken for granted that the pulse train, in its R.F.
(or L.F.) form, would pass through the receiver without
relative attenuation of those <omponent frequencies
in the wave form necessary to preserve its geometrical
characteristics ; and that thercfore the first detection
process {assuming a perfect dctector) would produce a
D.C. wave form conforming in every respect to its counter-
part at the R.F. modulator. In order to assess the band-
width requirements of a recciver capable of passing the
pulses without undue distortion, it is necessary to know the
component frequencies included in the R.F, and LF.
train and also the relative importance of each component
frequency in maintaining the shape of the pulse wave
form. An analysis of such a wave form has been under-
taken, but it is not included in this treatment. It is

ssible, nevertheless, to give an introduction to ‘the
problem, based on physical concepts, and to quote the
results obtained. The ideal R.F. (or I.F.) pulse has the
form shown diagrammatically in Fig. 9 (a), the envelope
of the pulse being perfectly rectangular. The analysis
referred to above produces two salient facts :—

(a) The sinusoidal componcnts of which the rectangular
pulse is composed are infinite in number and
cover the complete frequency range to infinity.

() The amplitude distribution of these components
is such that the major part of the energy content
of the pulse is carried by a band of frequencies
symmetrically disposed about the carrier, and
contained within well-defined and comparatively
narrow limits.

Further, the actual band-width required to pass this major
portion of the energy of the pulse through the receiver
can be arrived at in the following extremely simple manner.
Take the reciprocal of the shortest pulse length in micro-
seconds, and multiply by two. The result, 1n megacycles,
is the required band-width. Thus, for instance, if the
nnmodulated pulse is of 4usec. duration, and the depth

modulation employed is 75%, the narrowest pulse will
be 1usec., which will give the required band-width of the
receiver as 2 Mc/s.

22. 1In the analysis from which the results quoted above
were derived, it was assumed that the response curve
of the receiver concerned was of ideal form, having a
perfectly flat top, showing uniform response over the pass
band, and vertical sides carrying the response down to
zero at the fringes of the band, outside which there was no
response. Fig. 9 (b) shows such a response curve, and on
this curve has been superimposed the type of curve en-
countered in practice, in which the band-width is taken
(according to the usual definition) as the frequency interval
between two points at 6db. down from the centre
frequency, at which maximum response is obtained. It is
interesting to note that the practical curve will give results
which conform closely to those which might be expected
from the theoretical curve, the absence of a flat top
being almost compensated for by having some response
outside the fringes of the band. ’

23. Now if an R.F. or derived L.F. pulse of initially
square form be passed through a receiver whose band-
dth is arrived at by the above method, although the
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major portion of the cnergy of the pulse may be success~
fully transferred, the removal of the higher side frequencies
in passage will have an effect ypon the final geometrical
form of the puise. It is the higher side frequencies which
are mainly concerned with the steepness of the leading
and trailing edges of the pulse, and the removal of these
brings about degeneration of these edges, with the pro-
duction of an envelope which is, to a first approximation,
trapezoidal. The time taken for the degenerated pulse to
rise from its onset to maximum value can be shown to be
2/Busec., where B is the band-width in Mc/s. The decay
of the trailing edge will occupy an equal time; and so the
degenerated pulse is not only altered in form, but also
lengthened in time by an amount 2/Bpsec. The effect
is illustrared in Fig. 9 {(c), where the firm dotted rectangle
outlines the original pulse, and the trapezoidal form
indicates the shape and extent of the pulse after passing
through the receiver. The envelopes alone are shown in
Fig. 9 (d) and in this figure the shaded portion indicates
the narrowest pulse that can be passed through the
receiver without amplitude distortion, any narrower
pulse being prevented from attaining its maximum by the
action of the band-pass circuits. It is instructive to note
that after passage through the receiver this narrowest
pulse will be just double the width of the original R.F.
pulse from which it is derived, its width in its original
form being 2/Busec.

24, When the pulses passing through the receiver are
varying in width, the slopes of the leading and trailing
edges produced by the band cutting will be the same for
all pulses, and the absolute widening or narrowing of each
pulse relative to its unmodulated width will therefore
be unaltered. Thus, in spite of the degeneration of
the shape of the pulses, the modulation will be carried
through without change.

25. The above arguments show that the band-width-
of a pulse receiver is virtually decided once the narrowest
pulse to be passed through has been chosen. It is quite
usual to allow a considerable margin over and above this
minimum band-wiath, and with such a margin the de-
generation of the pulse edges will be reduced and the time
taken to trace out the leading and trailing edges will be
less than that for a receiver fulfilling only minimum
requirements. The advantage of this will become apparent
when the question of signal-to-noise ratio is later
discussed.

Depth of modulation

26. The factor in a P.W.M. system which corresponds
to carrier amplitude in an A.M. system is mean pulse
width. The depth of modulation (quoted as a percentage)
in A.M. is defined as (M/C) x100%, where M is the
maximum extent of the amplitude change from that of the
unmodulated carrier of original amplitude C (see Fig. 10).
The depth of modulation of a width-modulated. pulse
is similarly (d/a)Xx 1009, where a is the width of the
unmodulated pujse and d is the extent of the time dis-
placement of the edge suffering modulation. From
conclusions reached in para. 23 it is clear that the depth-
of modulation employed in a pulse system of this type
is limited by the band-width of the receiver once the mean
pulse width has been decided upon. The band-width of the
receiver is a function of the narrowest pulse to be passed,
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Signal-to-nolse ratio in a P.W.M. system

27. Inliteratvre dealing with-A.M. systems the expression
‘“ signal-to-noisc ratio ” is frequently used in rather a
loose sanise, and it is often not made clear in the context
whether the ratio referred to is taken at the input to the
R.F. stages, or at the output of the A.F. stages, or at
what depth of modulation the measurement is made. Care
will be taken in the following to specify the points at which
the measurements are made and, where necessary, to
specify the signal conditions at the time of observation.
The ratio will always be taken 10 be that of the voltages
concerned. Two typical transmission systems will be
considered, both wireless links, one an A.M., the other
a P.W.M. system. The following assumptions, physically
realizable, are made in order to put the systems on the
same initial footing for purposes of comparison :—
(@) The operating frequencies are the same.
(b) 'The aerial systems are similar.
‘c} The reccivers, apart from band-widths, are similar
up to the first detector. The band-width of the
A.M. receiver is 2fy, ¢fs, where fi, is the highest
modulating frequency to be passed, and the
band-width of the P.W.M. receiver is 10% X Bc/s,
where 2/B is the width in microseconds of the
narrowest pulse to be passed.

(d) The transmitters have equal mean powers.

(¢) The transmitters are modulated by the same audio
intelligence frequency, in each case to a depth
which will give the same audio outpit power
at the first detector.

(f) The audio output circuits of both receivers at which
the signal-to-noise measurements are taken do
not change the ratios from those at the corres-
ponding first detectors.

In such systems wé may compare the signal-to-noise
ratios at the audio outputs by the following reasoning.
Let us consider the transmission of one complete cycle
of the modulation frequency by the two systems. - Since
the incidence of noise voltages, apart from casual static,
has a random distribution in both time and frequency,
integrated noise power at any time is a function of the
trequency selective properties of the circuits concerned,
and is, in fact, directly proportional to the band-width.
Therefore, in the case of the A.M. receiver, the signal
energy and the noise energy (the latter being proportional
to 2 fm), will be continuously distributed throughout the
modulation cycle, and the signal-to-noise ratio at the audio
output will therefore be a function of the ratio signal
energy per modulation cycle/noise energy per modulation
cycle. Similar considerations will produce the- factor
controlling the signal-to-noise ratio at the audio output
of the P.W.M. system, although in this case the signal
energy is not continuous, but ““Jumped ” into pulses,
which may be of short duration compared with the time
interval between them. The output circuits of the P.W.M.
system will, however, resolve this discontinuity into a
continuity and the final audioc output signal-to-noise
ratio for the P.W._M. receiver will be arrived at in the same
way as for the A.M. receiver, taking into account the fact
that the band-width of the pulse receiver is 108X B ¢/s,
and that the noise energy per modulation cycle will be
proportional to this. For pulses of a few microseconds
aration, because of the comparatively large receiver
ad-width required, this may give a total noise energy
per modulation cycle considerably greater than that for
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the equivalent” A.M. system, with the consequent pro-
duction of a signal-to-noise ratio at the audio output
of the P.W.M. receiver that is a good deal smaller than
that of the A.M. receiver. ’

28. Thus, for example, let the A.M. band-width be 10kc/s
and let the P.W.M. system employ a minimum pulse
width of 10usec., requiring a receiver band-width of
2 X 10%cfs. Both systems are reasonably representative.
"The noise powers will be in the ratic (P.W.M. noise power)/
(A.M. noise power) = (2 X 10%)/10* = 20/1, and the noise
voltages in the output stages will therefore be in the ratio
(20/1)*=4.45/1. Thus, uader the conditions of cqm-
parison stated at the outset, the signal-to-noise ratio
at the output of the P.W.M. receiver will be only 1/4.45
of that at the output of the A.M. receiver.

29. The above systems were compared under conditions
of equal mean power. In the case of a P.W.M. system
this would mean, for comparatively narrow pulses, a

‘peak power many times greater than the mean power,

as shown graphically in Fig. 11. On the other hand, it is
a feature of P.W.M. systems that the peak power required
to operate them is to a very large extent independent
of the pulse width, and that, in fact, the mean power of the
transmitter may be considerably less than that used in an
equivalent A M. system. With such a reduced value of
signal power, since the signal energy delivered to the
receiver per modulation cycle may now be only a fraction
of that contemplated in the above comparison, while the
noise energy per modulation cycle will be wunaltered,
it might appear that the signal-to-noise ratio at the audio
output of such a system would compare so unfavourably
with that of an equivalent A.M. system as to militate against
1ts successful use under similar field conditions, except with
comparattvely wide pulses. 1t is, nevertheless, the ability
to use P.W.M. with comparatively narrow pulses that
renders it of especial value in multi-channel systems
(paras. 60 to 65), and it will now be shown how this
difficulty can be overcome, and how the signal-to-noise
ratio for a P.W.M. system-can be made equal to, and even
better than, that of an equivalent A.M. system.

e
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Fig. 11—Ratio of peak and mean powers
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30. In order to understand how this improvement can
be effected, it is necessary to understand the action of a
device, common to all pulse systems except those using
amplitude modulation, and known as the “‘slicer”” or
““ noise slicer.” It will be best to study the action of this
device from the aspect of its treatment of a theorctical
square pulse, and then to discuss its practical limitations.
Let us supposc, then, that, at the transmitting terminal
of a P.W.M. wireless link, a D.C. width-modulated pulse
train has been used to modulate an R.F. transmitter and
that resultant square R.F. pulses have been produced.
It will be assumed for the moment that the receiver is
capable of passing these pulscs, in their R.F. or corres-
ponding LF. form, with so littic degeneration that after
amplification and dectection they appear as D.C. pulses
at the output of the receiver first detector in their original
geometrical form with only the addition of noise voltages
acquired in passage through the tuned stages of the
receiver, Let these noise voltages be those due to thermal
agitation and valve effects and not to casual static. Now,
to an extent dependent upon the amplitude of the signal
at the receiver input, and upon the receiver band-width,
the detected pulse train, when presented upon a C.R.O.,
will be seen to be associated with these noise voltages,
which will have the usual random distribution in both
time and frequency. The physical form of the trace will
be as shown in Fig. 12 (@). If the detected pulses arc
still perfectly square in form, the rise from zero to maximum
will take place instantaneously and therefore no noise
voltages will appear upon the sides of the pulses.

31. If it is now possible to select for amplification and
subsequent detection of the pulse-width modulation only
that portion of the pulses which lies between two voltage
levels indicated by the horizontal lines of Fig. 12 (a),

m ——————— SICNAL LEVEL

b I TIsuicse LEvELS
b R Ity EVEL
(@) ——==—GENTRAL NOISE L
(6 A T 0
PULSE 'WAVIFORM AT OUTPUT OF I DETECTOR
SQUARE
PULIE
PULSE WAVEFORM AFTER SLICINC', & AMPLIFICATION
WITH SIGH INVERSTON, OF JLICED PULSES
V) ——— e ——————
® } SLICER LEVELS

PULSE WAVESORM AT Ofp OF 37 DETECTOR
TRAPEZOIDAL

PULSE.

e PULSE WAVEFORM AFTER SLICING & AMPLIFICATION
SHOWING APPEARANCE OF NO!SE VOLTAGES -ON S$IDES

Fig. 12—Operation of slicer
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the noise voltages will be rejected and will not appear
in the subsequent wave form. This is made possible
by applying the wave form to a valve having a short grid
base and linear characteristic in such a way that the positive
end of each pulse is squared off by grid current or suturation,
while the negative end carrics the vaive beyond cut-off.
Thus, for a theorctical squ. ~ pulse, the result of this
slicing would be the recmoval of all noise content.  Circuit
details of a typical noise slicer are given in para. 56.

32. Now in practical cases, as was shown in para. 23,
the detected pulses are never square, but trapezoidal,
in form, this arising from the necessity of limiting the
band-width of the receiver, with consequent degeneration
of the pulse cdges. Such pulses can clearly have noise
voltages superimposed upon their sloping sides, as in
Fig. 12 (&), and this will result, after the slicing process,
in random fluctuations in pulse width over and above the
deliberate variations duc to modulation, this producing
the usual effects of noise in the audio output circu’
Thus, while pulse transmission systems do lend them-
elves to a reduction in the value of the noise present in the
final signal, it must not be supposed that complete sup-
pression of noise can be achieved in any practical system.
The theoretical possible improvenent in the noise present
in the output for a given level of signal over that present
in an A.M., receiver operating under similar conditions is
limited by such considerations as the above, and these are
discussed from a mathematical point of view in paras. 85
to 93.

ko
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Fig. 13—Ratio per~ssary for operation of slicer

33. Before proceeding to give a quantitative comparis. ..
between the audio output signal-to-noise ratios for
equivalent A.M. and P.\W.M. receivers operating under
similar conditions, it is necessary to define ¢ threshold
conditions at the R.F. stages of such receivers. In A.M.
systems threshold is defined as the signal level for which,
at the audio output stages, the signal-to-noise ratio is
1/1. In a P.W.M. system threshold conditions can be
defined in a similar way if the output of the first detector
is made the basis of the definition. It should be noted
that the expression signal-to-noise ratio in this context
means the ratio s/n of Fig. 13 and has no bearing on the
audio signal voltage which might be developed from such
a pulse. The reason for this definition of threshold
conditions will become clear if reference is made to Fig. 13.
Here the voltage wave forms for three typical cases are
shown after the first detection process. In Fig. 13 (a)
the signal-to-noise ratio is less than 1/1, in Fig. 13 (b)
the ratio is exactly 1/1, while in Fig. 13 (¢) it is greater than
1/1. Now any one of the pulse modulation methods,
except that of amplitude modulation, depends for success
upon reasonably precise definition of the edges of the pulses,
The condition of Fig. 13 (4) is such that a very slight !

crease in the signal level will raise the sides of the pulse
clear of the general noise level and aliow the noise slicer
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to operate satisfactorily. In Fig. 13 {¢) the sides of the
pulse are clearly defined and adequate conditions exist for
good reception. Thus, in general, threshold conditions
cmay be said to exist tnoa PV system colion the sigral-
te-noise vario ai the ourput of the first derector is 1/1. - Yor
good reception something better than this is required,
and a signal-to-noise ratio of 2/1 at this peint is {requently
quoted as a criterion of good operation. 1t should be
added that although the noise slicet will commence
to operatc at a signa al-to-noisc ratio just greater than 1/1,
increase in pulse amplitude above the value to produce
this limiting ratio will always produce a corresponding
increasc in the final signal-to-noise ratio at the audio
output, for reasons which mayv be seen in paras. 8§ to 90,
34, Once the signal amplitude in a P.W.AL system is
sufficient to allow the noise slicer to eperate correctly,
then, from an operational point of view, the signal-to-noise
rario at the output of the fivst detecror has less importance
th= the signal-to-neise ratio at the audio output.  Because,
as il be shown in paras. 86 to 94, it is primarily rhe
receiver band-width which determines the final audio
signal-to-noise  ratio, the factor which compares the
signal-to-noise ratios at the wudio outputs of P.W.M.
and AML systemis operating under similar conditions
and with the same mean power is known as the “wide-
band gain ™ of the pulse recciver. This facter is arrived
at by stipulating that signal conditions at the P.W. M.
receiver must allow the noise slicer to operate correctly,
and by then laying down all the essential conditions under
which the comparison is to bc made, such as depth of
modulation, highest modulating frequency and band-
width for the A.M. recciver, and depth of modulation,
mean pulse width, band-width, pulse recurrence frequencv
and highest modulating frequency for the pulse receiver.
The svstems are drrang'ud to be working under conditions
which give optimum values for the signal-to-noise ratios
at the audio outputs, and with the same mean power.
The result obtained is that :—

Wide-band gain ==

N ratio at audio o/p of P.\WW.M. system (3aB). d
S/N ratio at audio o/p of AM. system 4 a

where B is receiver band-width in Mc/s. a is the mean pulse
width in microseconds and d is the deviation required
to give the narrowest pulse allowable:

35. Thus, for example, consider a system employing
a pulse of minimum width, even narrower than that con-
sidered carlier in the text "md requiring thercfore a corres-
pondingly greater band-width. Ilect the unmodulated
pulse be 20usec. wide, diminishing to a least width of
tpsec. for full modulation. This will require a receiver
band-width of 4Mc/s, and these figures, when substituted
in the above expression, give a wide-band gain of 3.77,
showing that, in fact, this particular P W.M. system,
with slicer. is very much better than an equivalent A.M,
system. It is also interesting to compare the powers
required by the two equivalent systems o give the same
final signal-to-noise ratios. We may clearly reduce the
power of the P.W.M. system in the ratio (1/3.77)% since
the signal-to-noise ratios are measured in terms of output
2. ge, and this produces the result that the P.W.M,
system requires a mean power of only about 1/14th. of that
of the equivalent A.M. system to give similar reception.
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36. If the narrowest pulse to be passed through the
receiver is of width (i&—dv psec., and the band-width of the
receiver is always adjusted to pass this narrowest pulse,
then the expression for wide-band gain may be written :—

V6 \/ d 2
== Y. ¥ ——, sinccnow B - -

4 a(a-d) (a—d)
and from this it will be seen that for a chosen mean width
of pulse it is advantageous to make d as large as possible,
1e., to use the greatest possible depth of modulation.
Then the wide- band gain- becomes limited only by the
pramcm difficultics associated with generating and trans-
mitting very narrow pulses, and of designing a receiver
to pass them.

37. Supposc now that (e-d), the narrowest pulse, has
been fixed by such practical and cconomic considerations,
so that, whatever the mean width of the unmodulated
pulse, the quantity (a—d) may not now be altered. The
expression for wide-band gein may now be rewritten :—

Wide-band gain

>3 1Nz
Wide-tand gain == V.f; X / (5—‘~‘f)- where k= (a-d). It

now appears that the greater a bccomcs, the greater the
rxsultmg wide-band gain. This fact will be discussed
in the following paragraph.

Choice of pulse width in a P.W.M. system

'38. From the results of the above discussion it is now

possible to outline the factors deciding the mean pulse
width of a P.W.M. system. For 2 given mcan power
and pulse recurrence frequency it appears that the wider
the unmodulated pulses, the greater will be the wide-band
gain. On the other hand it must be remembered that the
advantages of a P.W .M. system in this respect are realized
only if the slicer operates correctly, i.e., if threshold is
passed, and thus where considerations of transmitter
design and distance are likely to limit the signal level
at the receiver rather severely, it will be better to use
narrower pulses, and so secure the advantage of greater
pulse height. Again, where the P.W.M. system has to
fulfil multi-channel requirements, as will appear in paras.
62 and 63, the time interval between successive pulses
becomes of as great importance as the duration of the
pulses themsclves, bchaus" it is required for the time-
mterhcms, of the pulses of other channels of communica-
tion. In such circumstances it is necessary to sacrifice
the advantages of a large possible wide-band gain and to
use comparatively narrow pulses in order to secure the
multi-channel! facility., In spite of this sacrifice practice
shows that it is quite possible to have a large number of
channels operating over a single wireless link, with a mean
power per channel not greater than that of an cqulvalent
single-channel A.M. svstem, and with a wide-band gain
appreciably greater than unity.

Choice of pulse recurrence frequency in a P.W.M.
system

3%. The mean pulse width having been decided, it
remains to choose the pulse recurrence frequency. The
choice of this factor mainly depends upon the number of
to be employed, the power available at the
transmitter and the highest modulation frequency to be
transmitted. For a given mean transmitter power, and
for a single-channel system, the smaller the number of
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pulses to be transmitted per second, the greater may be
their relative amplitude, with corresponding increase in
range and/or wide-band gain, optical path considerations
frequently setting the upper limit of the range where
U.H.F. transmitters are used. On the other hand, since
the pulse recurrence frequency occurs as a component
in the audio output wave form, unless a second detector
and filter are employed, considerations of simplicity in
_ receiver design may make it necessary to keep the pulse
recurrence frequency above the audio spectrum, so avoiding
a continuous whistle in the output. Thus, in such systems
the pulse recurrence frequency might be set at, say,
20kc/s to give a fair compromise.

40. Where as large as possible a number of channels are
required over the P.W.M. link and the time-interlacing
method is to be employed it is necessary to space out the
pulses of any one channel to the greatest possible extent
‘on the time axis to ‘‘ make room * for the interlaced pulses
of other channels (paras. 62, 63). Thus it becomes
necessary to work with the lowest possible pulse recurrence
frequency, and the lower limit of this frequency is set
by the highest intelligence frequency to be transmitted.

Let us suppose that 3kcfs is the highest modulating -

frequency, and that 9kc/s has been chosen as the re-
currence frequency. Then for the highest modulating
frequency one complete cycle of intelligence has to be
conveyed on three pulses. The net effect of this is shown

4
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in Fig. 14 (a), and it will be seen that modulation is quite
possible, whatever the phase relationship between the
intelligence wave form and the pulse carrier. The
detection of the pulse-width modulation will ultimately
convert the width variations of the pulses into corres-
ponding voltage variations, and appropriate voltages are
shown plotted on the same scale. The fundamental
frequency of these voltage variations is 3kc/s, and this
frequency can be filtered off from the associated fre-
quencies by a suitable low-pass filter. Now suppose that
the pulse recurrence frequency is lowered to 6kc/s.
Fig. 14 (b) shows that it is now possible for the phase
relationship between the modulating wave and the pulse
train to be such that the following cases may arise :—

(@) Maximum modulation is obtained.
() No modulation results.
(¢) Some intermediate value of modulation is obtained.

Finally, consider the effect of lowering the pulse recurrence
frequency to 3kec/s. Fig. 14 (¢) now shows that no
modulation is possible in any circumstances. It is thus
shown, in this tentative treatment, that the pulse recurrence
frequency should be at least three timnes the valuc of the highest
modulating frequency for successful wmodulation. Since
3ke/s is the normal upper limit set to speech frequencies
for telephone working, for a simple speech transmission
system the lowest limit of recurrence frequency will be
Okc/s.
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MISCELLANEOUS SUBJECTS

Transmitter valves

41. The employment of narrow pulses, with their com-
paratively high component frequency content, necessitates
the use of high radio frequencies (and intermediate
frequencies) so that the problems concerned with passing
these pulses through the receiver up to the first detector
may not be insoluble. As a direct result of this it is
necessary to transmit on V.H. or U.H. frequencies. Now
it is a general feature of transmitters operating at these
high frequencies that stability of frequency is difficult,
if not impossible, to obtain, especially when wavelengths
of less than onz metre are envisaged, and crystal control
by frequency multiplication methods becomes impossible
owing to transit time and other effects. On the other hand,
considerations of privacy, efficiency, and compactness
have changed the general requirements from the metric
to the centimetric band. The existence of well-tried
.types of oscillator valves, such as magnetrons, kylstrons,
etc., capable of producing centimetre oscillations, but with
special peculiarities, makes the use of some form of
modulation with a constant-voltage amplitude characteristic
a necessity. Thus a magnetron requires a reasonably
constant optimum voltage to oscillate successfully, or even
to oscillate at all. Small changes in H.T. voltage produce
quite apparent changes in frequency, and no successful
method of amplitude modulation is yet possible. The
solution at the present item must therefore be modulation
by means of constant-amplitude voltage pulses. In spite
of this method of modulation frequency drift of the

oscillator is a major problem in a radio link employing

centimetre wavelengths, since slight changes in circuit
parameters at the oscillator and modulator are unavoidable,
and are always accompanied by corresponding changes in
carrier frequency. To take account of such c¢asual drift,
two features are usual at the pulse receiver, namely, the
provision of a band-width rather wider than that strictly
necessary from' considerations of the central transmitter
frequency and the width of the narrowest pulse, and the
inclusion of some system of automatic frequency control
of the local oscillator at the receiver, so that it ** pulls itself
into tune * as the transmitter (or local oscillator) frequency
drifts.

Aerial systems

42. The necessity of using metric and centimetric
wavelengths with the above consequent disadvantages

does, however, bring with it the complementary advantages
of simplicity in aerial design and ease with which beaming
may be carried out by the use of stack arrays or mirrors.
Such aerial systems will usually give a quite large aerial
gain and so render the system not only more directional
but also more efficient. It is only fair to say, however,
that, with decreasing wavelength, the possible range of the
system becomes increasingly limited, tending towards
that of a purely optical path in the centimetric band.

Privacy

43. The use of a pulse-modulated transmission system
is not, of itself, a guarantee of privacy, since almost any
type of radio receiver capable of receiving the radio fre-
quency will produce, with varying degrees of efficiency,
a voltage variation at the detector circuit which contains
the intelligence frequencies as components. Other
factors, however, tend to make pulse systems more private
than normal A.M. systems. The use of centimetre
wavelengths, with its consequent possibility of beaming,
and restriction of path to optical range, makes casual
interception unlikely. Where the utmost privacy is
desired, and the radio frequencies do not permit of beaming,
it is often possible to superimpose a spurious amplitude
modulation on the width-modulated pulse train, and so
render the intelligence, unintelligible except in a receiver
employing a slicer. Finally, in multi-channel systems,
the intelligence of one channel will mask that of another
channel where casual reception without gating is employed.
In such systems, when only one channel is in use, it is
possible to modulate the channels not in use by spurious
signals to improve the degree of privacy on the channel in
use.

Jamming »

44. Discussion of the full possibilities of jamming -
are beyond the scope of this treatment. It may be pointed
out . that* the factors which tend towards privacy, i.e.,
beaming and limitation of path to optical range, tend
also to limit the possibility of jamming. Where gating
is employed a further safeguard against all but C.W.
jamming is inherent in the system, and the power necessary
for such interference completely to saturate the receiver
and render the noise slicer inoperative would be very
great.

SUMMARY OF ADVANTAGES AND DISADVANTAGES OF P.W.M. SYSTEMS

45. The advantages are as follows :—
(a) Possibility of large wide-band gain.
(b) Possibility of using types of valves (for production
of short waves) which do not permit of A.M.
() More efficient operation of valves because of ability
to fix constant optimum operating voltage.
(d) Multi-channel possibilities.

" (¢) Clearly defined threshold conditions, with con-
sequent possibility of economical use of valve
power,

(f) Privacy (limited improvement possible).

46. The disadvantages are as follows :—
(a) Relatively wide - band required at the receiver.
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(b) Increase in weight and complexity of equipment

"~ owing to necessity of using two processes of

modulation, and possibly two of detection, and of
having a slicer before the final output.

In connection with these disadvantages it is worth while
noting that the question of receiver band-width is not an
acute one, since radar developments have made the design
and construction of wide-band receivers one of comparative
simplicity. With regard to the possible increase in weight
and complexity of equipment, it is not found in practice
that this does in fact result, since the ability to operate
in the centimetre band and with low-power transmitters
restlts in a decrease in weight and in the complexity
of the high-frequency circuit details since R.F. stages
are now no longer possible.
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CIRCUITS FOR PRODUCING AND SHAPING WIDTH-MODULATED PULSES

47. The principles underlyving the most general method
of producing width-modulated pulses may be summarized
as follows, A lincar sawtooth vo'tage wave form, re-
currcnt at the cventaal pulse recurrence frequency, is fed
1o the control grid of a valve which has a lincar anode-
current, grid-voltage characteristic, and which operates
with a comparatively short grid base.  In the absence of a
modulating signal the valve is so biased that the instant
o conduction occurs at a tixed point in the progress of the
sawtooth wave form.  The shortness of the grid base,
which causes the valve cffectively to saturate soon after
the applicd wave has carried the grid through cut-oft
potential, results in the production, in & resistive anode
load, of an approximately rectangular  negative-going
wave firm oof voltage. Fig. 15 (@) shows this process
for a tvpical applied sawtooth wave,
48, It now the standing bias on the valve be raised or
Lawered, a variation in the width of the anode pulse will
alt, and this variation will. from geometrical considera-
tions, be directly proportiongl to the variations in the bias
voltage.  T'he point will become clear by reference to
Fig. 15 (b) where to avoid confusion the grid base of the
valve has been reduced to zero.
49, If then, during the application ot a train of pulses
of sawtooth form at the grid, the standing bias on the valve
be raised and lowered in accordance with the configuration
of a voltage wave form of intelligence, the widths of the
anode pulses will vary linecarly in accordance with the
vitlues of the instantancous modulating voltages, and these
voltages are selected from the wave form in the manner
outlined in para. 15. Reference to this paragraph, and
a study of the mechunism of anode pulse production in the
above cireuit, will show that the straight line graph of
Fig. 7 (/) is identified with the front edge of the sawtooth
form of the above circuit. Puaras. 77 w0 85 show that,
although the instantancous modulating voltages are not
spaced out regularly in the modulating wave by this
method of modulation, the width modulation is, never-
theless, lincar. Fig. 15 (¢) shows a lke's intelligence
*~ quency modulating a 10ke:'s pulse carrici, and the train
. width-modulated pulses so produced.
%0. A basic circuit for producing modulation in this way
is shown in Fig. 16 (a). It consists-of a valve whose
cathode potential is fixed, in the absence of a modulating
signal, at the required potential by means of a potentio-
meter between the HUT. supply rails. The sawtooth
wave form is fed direct to the control grid and the in-
telligence voltage to the cathode.  Raising the cathode
potential will result in narrowing, and lowering the
potential in widening, the pulse at the anode of the valve.
The intelligence thus width-modulates the pulse train.
51, Another form of basic circuit is shown in Fig. 16 (b).
Here the sawtooth form is coupled into the control grid
and the potential of this grid is also varied by the modu-
lating voltage which is fed to the free end of the grid leak
resistor.  The initial width of the unmodulated anode pulse
may in these circumstances be adjusted by the sclection
of the time-constant of the coupling componcnts, which
allow slide-back action to produce a standing bias at the
grid of such value that the valve commences to conduct
at the correct point in the progress of the sawtooth.  This
2 of circuit has been used in equipment where a wide
mican pulse width is allowable and where, consequently
small long-term variations in the mean width of the anode
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pulses due to changes in circuit parameters have little
consequence. Where, however, a narrow pulse is em-
ploved and equal variations would now produce very
much more scrious cffects, a modified form of the circuit
of Fig. 16 (a) has becn used with success. This is shown
in detail in Fig. 16 (d). It is not advisable to fix the
cathode bias potential by means of a potentiometer, since
then long-term variations in the amplitude of the saw-
tooth wave form would produce serious variations in the
mecan width of the anode pulses. Instead, the cathode
bias is made automatic and is derived by the use of a
cathode rcsistor and by-pass condenser. Then, if - the
valve cathode resistor has a comparatively high value
and the anode load is small, we may neglect for the moment
the action of the by-pass condenser in considering the
action of the circuit. The progress of the positive-
going edge of the sawtooth wave at the control grid will
producc a similar wave form of rather smaller amplitude
at the cathode, the valve now bchaving as a cathode
follower. Thus, at the culmination of the applied sweep
the cathode potential will be only a few volts below that
of the grid, the exact difference in voltage being a function
of the amplitude of the grid sawtooth wave. Now the
cffect of inserting a decoupling condenser in the cathode
circuit will be such that, although the development of the
positive cdge of the sawtooth form at the cathode will not
be impeded for the first pulse, the high final potential
will be maintained duc to the inabilty of the decoupling
condenser to discharge through the cathode resistor
before the next sawtooth wave appears at the control grid ;
and so the trailing edge of each sawtooth wave will cut
the valve off, and it will not be opened up again until the
positive cdge again carries the grid up to the cut-off
potential. The pulsing action of the wave form at the
grid will maintain a high and steady bias at the cathode
and the valve will thus conduct only on the peaks of the
applied sawtooth, the action being illustrated in Fig. 16 (c).
The width of the anode pulses in the unmodulated con-
dition will thus be determined primarily by the difference
between the peak voltage at the grid and the standing
cathodc bias, and this difference will itself be a function
of the amplitude of the applicd sawtooth wave form.
The two main results of this action are :—

(a) Small changes in the amplitude of the applied
sawtooth wave form do not preduce very much
change in mean pulse width, since the cathode
potential always adjusts itself automatically to the
amplitude of the grid wave form.

() The mecan pulse width is continuously variable by
means of adjustment of the amplitude of the
applicd sawiooth wave form, and thus a mean
pulse width may be accurately set in before
modulation is applied. '

52. If now the cathode can be made to vary in potential
according to the modulating voltage, then width modulation
of the anode pulses will result. But the cathode is de-
coupled for the pulse recurrence frequency, and if the
highest modulating frequency is near to this, it, too, will be
decoupled. Thus where these two frequencies fall close
to each other, the time-constant of the decoupling circuit
has to be chosen with great care, and at the best it can be
only a compromise, allowing a high bias to be maintained
and at the same time allowing as full a development of the
mpdulating wave form as possible. The values given in
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Fig. 16 (d) are those used in the W.S5.10 equipment,
where the pulse recurrence frequency is 9kc/s, and the
highest modulating frequendy is 3kc/s, and where, there-
fore, the time-constant of the cathode circuit can vary
only between very narrow limits. In spite of careful
choice there is bound to be some degeneration of the higher
frequencies of the intelligence and frequency non-linearity
is introduced.

Shaping the modulated pulse train

53. The defects of the pulses generated and modulated
by the last method will now be considered together with
" the remedies used to mitigate these defects. The defects
are (—

(¢) The leading edges of the anode pulses are sloping
owing to the definite time interval needed for the
sawtooth- wave form at the control grid to carry
the valve from cut-off to full conduction, this
defect being shown in Fig. 15 (a).

(b) The tops of the pulses will be rounded due to the
failure of the valve to saturate instantaneously.

(¢) The pulses will be amplitude-modulated for the
following reason. Variations in cathode potential

- will vary the drop in potential at the anode
when the valve conducts by varying the effective
H.T. voltage on the stage. Thus a high cathode
potential will allow a smaller fall in anode voltage
than a low cathode potential.

These defects of the embryo pulses may be readily remedied
by application to standard pulse-shaping circuits. The
processes involved, known as *‘ clipping ” and * slicing
can now be described.

Pulse clipping

54. This process may be applied to both positive and
negative voltage pulses. That for negative pulses will
be described first since it is of most immediate interest
Reference is made to Fig. 17. The train of pulses is
fed to the grid of a valve, the grid being returned to a point
of high potential through a leak' of high resistance. A
very slight flow of grid current results in nearly all the
high applied potential being balanced out by the drop
across the leak, with the result that the grid is held just
slightly positive with respect to cathode potential. The
valve is chosen to have a short grid base and linear grid-
voltage, anode-current characteristic down to cut-off,
so that only a small part of the negative voltage excursions
of the pulses is effective in causing a current change
through the valve, as shown in Fig. 17 (b). This has the
result that the duration of the front edge of the pulses
reproduced in the resistive anode load is considerably
shortened, since any part of the pulses executed beyond
cut-off is effectively discarded. For the same reason
all pulses, whatever their amplitude at the grid, provided
- that they are large enough to carry the valve beyond cut-off,
will produce constant-amplitude anode pulses, and the
tops of the pulses so produced will be flat. The voltage
excursion of these positive-going anode pulses will depend
upon the gain of the stage, and may be made considerably
larger than the grid base of the valve. Thus at one
operation the amplitude modulation of the pulse train is
removed, the pulses are “‘cleaned up,” and the sides
steepened. Fig. 17 (¢) shows the results of the process,
which may be repeated, after sign inversion of the positive
train, to any degree required.
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55. DPositive pulse trains requiring clipping may be sub-
jected to an equivalent process. The necessary circuit
is shown in Fig. 18. The positive pulse train is applied
to a valve having zero cathode bias, but with a sufficiently
large time-constant at the grid circuit to ensure that the
valve remains biased off (due to grid current flow) until the
positive peaks of the applied pulses cause it to conduct.
Thus only the peaks of the positive pulses are reproduced
(as negative pulses) in the anode load and the reproduced
pulses will have constant amplitude controiled by the gain
of the stage. If the original pulses have rounded tops,
this defect may be removed by the inclusion of a squaring
resistor in the grid circuit. It will be seen that the action
of this circuit is not quite so suitable for removing amplitude
modulation as the process for negative pulses, since a small
pulse following rapidly, after a large puise may not over-
come the whole of the residual slide-back bias, thus still
producing a correspondingly small negative pulse at the
anode. This effect will always be reduced, but never
completely overcome, by the inclusion of the squaring
resistor mentioned above, which tends to limit the slide-
back action.

Pulse slicing

56. Reference has already been made, in paras. 30 to 32,
to the slicing process whereby effectively a slice of the given
pulse is taken at about the centre of the voltage excursion
for amplification. This process is particularly important
as a means of ridding detected pulses of their noise content,
so it will be described in detail for such pulses, although
the circuits given may be used for any positive or negative
pulse train. A typical circuit is shown in Fig. 19,
together with diagrams of characteristic pulses before and
after passing through the slicer. The valve is again a
straightforward amplifier with linear characteristics and
operating with a comparatively short grid base. The
working-point voltage at the grid is adjustable by means of
a potentiometer, so that the applied pulse wave form may
be set, with respect to the grid base, in such a way that the
negative part of the wave form is traced beyond cut-off,
while the positive part is squared off by the action of the
large-valued grid squaring resistor. In operation the
bias at the grid is continuously adjusted until the output
wave form shows that the amplitude modulation at the
top and the base of the pulse train has been eliminated.
It is evident that the extent of the clear sides of the pulses
must equal the grid base of the valve before the slider
can remove all the noise voltages. In addition to removing
the noise voltages, this process also steepens up the edges
of the pulses.

Circuits for detection of width modulation

57. The first detector performs the function of extracting
the envelope of the R.F. or LF. pulse train, after which
the major part of the noise content is removed, and the
pulses cleaned up by the slicing process. A wave form
which, apart from slight random fluctuations in width
due to the incidence of noise voltages upon the edges,
conforms in evéry respect to the original D.C. wave form
at the sender, now results. Such a wave form, con-
taining, as it does, a component frequency equal to that

- of the modulating wave, may itself actuate the appropriate

receiving device, and so reproduce the intelligence without
further treatment. However, where the pulse recurrence
frequency lies within the audio spectrum, it is usual to
employ a second detector which converts the width
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variations of the pulses into corresponding voltage
variations and at the same time reduces the relative ampli-
tudes of the recurrence frequency component and its
harmonics. The actual process involved is very simple
indced. It consists of applying the wave form to an
integrating circuit (Fig. 20 (a) ) of suitable time-constant
so that the charging of the condenser is not completed
during the passage of any single pulse, and so that, there-
fore, the voltage rise across the condenser is dependent
upon the duration of the pulse (Fig. 20 (5) ). The results
of this integration process, for a pulse train modulated
to a depth of 569, by an intelligence frequency one tenth
of the pulse recurrence frequency, are shown in Fig.20(c).
Here the voltage excursion of the condenser has been
limited by careful choice of time-constant to the initial
and most linear portion of the charging curve, and as a
direct result of this the envelope of the output wave form
will follow the form of the original modulating wave, since,
as purely geometrical considerations will show, the height
of each integrated pulsc will be directly proporticnal to
the width of the rectangular pulse gencrating it. This is

2ar pulse-width detection, and it is now necessary
to remove the ripple, i.e., the pulse recurrence frequency
and its harmonics. This may be done by passing the
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train of integrated pulises to a low-pass filter whose cut-off
frequency is between the highest modulating frequency
to be transmitted and the pulse recurrence frequency.
The output of this filter will consisit of the intelligence
only. The whole process is clearly analogous to normal
detection of an I.F. wave form by a linear detector,
followed by an 1.F. filter, the detector serving to extract a
wave form following that of the original modulating wave,
and the filter to remove, in this case, the I.F. ripple.

58. It has been assumed in the foregoing description
that the time intervals between successive pulses are
sufficiently long to allow of full discharge of the inte-
grating condenser between each pulse and the next in the
train. - Where this would not be possible with the simple
circuit illustrated in Fig. 20 (a) the circuit of Fig. 20 (d)
will ensure rapid and complete discharge of the condenser.
A positive-going wave form applied to the circuit will
cause the condenser to charge normally through the
resistor R during the positive excursion of the pulse
and the rate of charging will be comparatively slow.
The discharge will be much more rapid, since now the
cathode of the diode will be carried negative with respect
to the anode and the time-constant for discharge has the
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impedance of the diode, small compared with R, as its
resistance component.

59. Where, as in multi-channel systems, a gating process
has to be employed, the width-modulated pulses will
usually appear at the anode of the gate valve as negative-
going pulses. Integration may then conveniently be
carried out in the anode circuit, and such a circuit is
shown in schematic form in Fig. 20 {¢). On the arrival
of the front edge of the gated pulse, the condenser seeks
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to discharge towards the potential reached by the anode
of the valve when fully conducting, but the time-constant
is so chosen that the voltage excursion is limited to a linear
portion of the discharge curve, the integrated pulse so
tormed having therefore a lincar front. The condenser
commences to recharge towards the H.T. potendal on the
arrival of the back edge of the pulse, and since the time
Interval between pulses is usually very much greater than
the pulse duration, the charging excursion is completed
before the arrival of the next pulse.

MULTI-CHANNEL COMMUNICATION SYSTEMS EMPLOYING P.W.M.

60. Inany wireless system in which a number of channels
of duplex voice frequency communication are to be made
simultancously available over a single link, some electrical
means of discrimination between the various channels
must be employed, since the original frequencies of the
intelligence spectra of all the channels initially extend over
t  same range. Two methods of discrimination are in
use at the present time. The first, in which the dis-
crimination is on a frequency basis, will be briefly des-
cribed, for purposes of comparison with the second method
in which the discrimination is on a timec basis, and which
will be dealt with in greater detail.

61. In the first method, the intelligence of each channel
is first applicd tc- its own channel oscillator, which it
modulates in amplitide, with the consequent production
in each casc of a range of frequencies cxtending from the
central carrier frequency upwards and downwards by the
extent of the voice frequency spectrum employed, usually
about 3 to 34kc/s. It is usual to remove the carrier and
upper sidebands in cach case, leaving only the lower
sideband of each channcl, as a result of this preliminary
modulation. The frequencies of the channel oscillators
are so chosen that, after selection of the appropriate side-
band in each case, these sidebands do not at any point
overlap in frequency, the whole group of frequencics now
constituting a spectrum in which the intelligence of cach
channel occupies its own particular span, distinct from that
c“any other channel. The sidebands are combined to
1. .n one continuum by feeding cach to a scparate primary
winding of a transformer, and taking the output of a single
secondary winding. The single group of frequencies so
formied is itself now used to modulate a radio-frequency
transmitter, and the resultant R.F. frequency spectrum,
consisting of the R.F. carrier with corresponding upper and
lower sidebands, is radiated. At the receiver it is sub-
jected to the normal processes of frequency changing and
amplification and then to first detection. The last process
extracts the envelope of the I.F. wave form and so produces
an output which contains all the original intelligence, but
now still spread out in the continuance spectrum form as
after the preliminary modulation. The whole output is
applied, in each channel, to a band-pass filter which selects
that particular part of the spectrum appropriate to that
channel, and the resulting restricted band of frequencies
is applied to a demodulator to which also is fed the original

channel oscillator frequency. The output of the demodu-
~ lator consists of the original intelligence, which has thus
been transferred over the wireless link without interference
from other channels. Nevertheless, in order to avoid
i—=rmodulation or crosstalk between channels, even after
i. _quency translation has been carried out by the prelim-
inary modulating processes, it is necessary to ensure
complete linearity throughout the subsequent circuits
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up to the final demodulators, and this is somewhat difficult

to achieve in practice. The privacy of the system: may

be very good indeed, provided that there is no *“ carrier
leak ” from the original modulating processes. The range
of such a wireless link is not in practice likely to be
much greater than that of an equivalent P.\W .M. system,
now to be described, emploving a similar number of
channcls, since the large band-width requirements of the
former necessitates the use of V.H. or U.H. radio
frequencies, with consequent limitation of path to optical.
Fig. 21 illustrates the principles involved.

62. In the second multi-channel method, discrimination
between the communication channels is on a time basis.
In Fig. 22 (a) two clements of a pulse train are shown on an
extended time scale, and it should be noted that the pulse
width 1s small compared with the time interval between the
pulses. Provided that the pulse recurrence frequency is
at least three times the highest modulation frequency to be
transmitted, the pulse train will be capable of conveying
intelligence by normal width modulation.

63. Now it is possible to generate and propagate another
system of pulses, having the same recurrence frequency,
and width-modulated by the intelligence corresponding
to a sceond channel of communication but displaced along
the time axis so that they do not anywhere overlap in time
the pulsces of the first channel, shown in Fig. 22 (a).
Such a sccond system of pulses is shown in Fig. 22 (b), the
same time scale leing used here as in the first figure.
Extending the idea still further, Figs. 22 (¢) and (d) show
two further trains of pulses plotted on the same time scale,
and none of the four trains now drawn can interfere in any
way with any-of the other three. Provided that the
generating and modulating processes are separate and
distinct for each of the four trains, and provided that some
method of selection or ‘‘ gating ” the pulses appropriate
to cach channel of communication is available at the
receiving end of the wircless link, then the separate trains
of pulses may be combined, as in Fig. 22 (¢) and used to
modulate a single radio transmitter, with the production
of an R.F. train of similar geometrical aspect.

64. It must clearly be a condition for success in avoiding
crosstalk between channels that, for any possible width of
pulse possible on any channel, no overlap of pulses may

“take place on the time axis. Should this condition not

be observed, then any gating process used will not allow
discrimination between the pulses of the two overlapping
channels. Further, to facilitate setting-up of the gating
circuits and allow the necessary latitude for operational
contingencies, it is usual to allow a certain margin over and
above the least time theoretically required between
successive pulses in the combined train.
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65. The limit to the number of channels which may
usefully be employed on such a system depends mainly
on two factors, namely, pulse width and pulse recurrenc=
frequency. The narrower the mean pulse width used for
a ’en pulse recurrence frequency, the more pulses of
otner channels that can be interposed in time between
successive pulses of a single channel. As has been noted
in the main text, continuous reduction of the puise width
in these circumstances will also reduce the wide band gain
of the system, and it is thus this factor which imposes
the final theoretical limitation on the number of channels.
As regards the pulse recurrence frequency, the lower this is,
the greater will be the timeinterval between the successive
pulses on any one channel, and therefore, for a given
‘pulse width, the greater the number of channels thatcanbe
accommodated. The lower limit of pulse recurtence
frequency has been shown to the about three times that of
the highesr modulating frequency to be transmitted, which
thus sets the upper limit to the number of channels possible
once the pulse mean width has been chosen.

66. This method of interlacing the puises of different
channels of communication on the time axis will require
some form of timing signal so that the gating sequence
at the receiver may be carried out successfuly, and the
pulses appropriate to each channel selected and passed
to~+ke width detector circuits. The timing of the gating
is .aieved by fitting into the pulse train at the transmitter
a synchronizing or ‘‘ marker ”’ pulse of such width that
it may be easily distinguished. by a ‘‘sync.-separation®
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circuit at the receiver, 2nd used to time the generation
of the gate pulses required in each channel. The whole
wave form, Yrom the onset of one synchronizing pulse to
the onset of the next, is known as a *‘ frame * of pulses,
and the frame recurrence frequency is thus the same as
the pulse recurrence frequency for any one channel. A
typical frame of D.C. pulses for a four-channel system
is shown in Fig. 22 (f). The marker pulse is seen to be
about 4-6 times the width of a single channel pulse, and
this is of the order of width difference usually employed.

67. The gating sequence referred to above is carried out
in the following manner. The D.C. pulse train which
results, at the radio receiver, from the process of first
detection followed by slicing, is passed to a number of
gate valves, one per channel of communication. These
valves are normaily biased off completely, as far as flow
of anode current is concerned, by negative voltages at
two grids, perhaps the control grid and the suppressor

‘grid in the case of a pentode. The whole of the in-

coming wave form is fed to one of the grids, while to the
other grid is fed a positive gate pulse of sufficient width
to accommodate any given channel pulse but not wide
enough to cover two pulses. Thus, in order that any flow
of anode current may occur, both a gate pulse and a channel
pulse must be appearing at their respective grids simul-
taneously, when current ‘will flow for the time for which
they overlap. Thus, in order that a replica™of the channel
pulse may appear in a resistive anode load, the gate pulse
must arrive slightly before, and be completed slightly
after, the channel pulse which it is gating. The gate pulses
for each channel must therefore be adjusted to the correct
width, and be timed to appear at the correct moment
to gate the appropriate pulse on each frame in each channel.

68. The timing of the gate pulses appropriate to each
channel is controlled by the marker pulse on each frame.
The marker pulse is separated from the channel pulses
by passing the whole pulse train to sync.-separation
circuits, which may consist of a simple integrating circuit,
converting the large width difference between the syn-
chronizing pulse and any of the channel pulses to a corres-
ponding voltage difference, followed by a discriminator
circuit, which utilizes this voltage difference to 'separate
completely the synchronizing puise from the channel
pulses. This separated synchronizing pulse is now used
to trip off a circuit which generates, in the correct sequence,
gate pulses in each of the channel gate pulse generator
stages. The gate pulses so formed are fed to the gate
valves with results indicated -above. The gate pulse
generators will have provision for adjusting both the width
and the time positions of the gate puilses produced.

69. The output of each gate valve will consist of the width-
modulated train of channel pulses appropriate to that
particular channel. - This train will normally now be fed
to a width detector circuit, followed by. a low-pass filter,
when the.intelligence will finally be reproduced. :

The basic requirements of a P.W.M. multi-channel
system
70. These are &t the transmitting station =
{a) An oscillator, operating at the frame recurrence
" frequency, and used to time the generation of the
synchronizing pulse and all channel pulses on
- each frame,
(5) A synchronizing pulse generator, triggered by the
above oscillator.
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(¢) One channel pulse generator for each channel of
communication, triggered by the above oscillator,
combined with a modulator stage which allows
the channel pulses to be width-modulated by the
intelligence.

(d) A video-frequency mixer, to receive, and combine
in a single wave form, all the pulses on each frame.

(e) A radio-frequency oscillator, and means of modu-
lating it with the D.C. output of the video mixer.

71. At the receiver, the requirements will be :—

(a) Superhet. receiver and first detector, followed by
noise slicer.

(b) Sync.-separation stages.

(¢) One gate pulse generator per channel, triggered
with appropriate delay by a signal derived from
the synchronizing pulse of each frame.

(d) One gate valve per channel, fed with the whole of
the frame of D.C. pulses, and one gate pulse per
frame.

(¢) One width-modulation detection circuit and filter
per channel.

A complete block schematic of a 4-channel system is
shown in Fig. 23.

72. It is now possible to compare the two types of multi~
channel systems described above. In both of them two
processes of modulation and two of detection are required.
In both of them increasing the number of channels is
likely to raise the band-width requirements of the receiver
for different reasons, and so result in poorer comparative
signal-to-noise ratios. The methods of separation of the
channels at the receiver are analogous in the two cases,
if we may regard the gate valve as-a type of ‘‘ time-filter ”
corresponding to the frequency band filter of the
frequency discrimination method. The radio frequency
requirements of the two methods are likely to be of the
same order, except that, as we have seen, centimetre
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oscillators become available for the P.W.M. system.
Operational ranges, where the number of channels em-
ployed is comparatively large, would tend towards optical
in both systems, because of the band-width requirements.
Power requirements of the transmitter are likely to be very
much in favour of the pulse transmission system, for reasons
which have been discussed in the main text, and this is
borne out in practice, where, for example, we have the
W.S.10 giving eight channels of communication over
optical distances, and requiring a mean power of about
+W, as opposed to the W.S.26, which gives six channels
of communication over approximately the same distances,
and requires between 50 and 100W. In complexity of
design there is perhaps little to choose between the two
methods, but the possibility of using centimetre oscillators
of low power, with consequent simplicity in aerial design
tends to make the weight of the pulse transmission system
very much less than that of the A.M. system. The com-
parison therefore seems to show that the pulse system will
prove a better practical proposition than the A.M. system.

73. There is one further very important aspect not yet
taken into account in the comparison, and that is the
question of crosstalk between channels. In the time
discrimination method, it is theoretically possible, and
possible in practice too, completely to prevent crosstalk
between channels by employing the gating process and
ensuring that the circuits through which the pulses pass
have time for complete recovery after the passage of one
pulse before the appearance of the next, a condition which
is secured easily by choosing the correct spacing of the
pulses in each frame. In the frequency discrimination
method such lack of interference between.the channels
is possible only provided that the circuits after the pre-
liminary modulator and up to the final demodulator are
quite linear in their response, since all the intelligence is
transmitted simultaneously. Such linearity is somewhat
difficult to achieve in pragctice.

MATHEMATICAL TREATMENT OF PULSE-WIDTH MODULATION

J4. Four aspects are considered here :—

{a) The band-width required by a P.W.M. system.
(6) The actual frequency content of a width-modulated
train of pulses.

(¢) The method of width modulation

(d) Comparison of A.M. and P.V/ .M. signal-to-noise
performance.

Band-width requirements of P.W.M. system

75. An analytical approach to this problem has been
devised, but it is-not proposed to include it in this dis-
cussion. It does, however, appear to support a simple
argument based on rather more physical grounds, which is
as follows. Lct us suppose that the R.F. and L.F. band-
width provided by a P.W.M. receiver is sufficient to pass a
train of pulses, each of the shortest duration which occurs
in the actual modulated train, without reduction in
amplitude. The condition for this has already been given
in the text, and we may quote it in the form B= 2/amin,,
where B is the band-width in Mc/s and where ap;,. is the
shortest pulse duration in microseconds. Then it seems
reasonable to expect that the receiver will handle equally

:ll a width-modulated pulse train in which ag, is the
width of the narrowest pulse occurring, especially if the
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separation of the successive pulses is large compared with
their individual widths. Thus, in this case, we may
calculate our required band-width by consideration of the
least pulse width.

76. In a multi-channel system, the interlacing of the
trains of channel puises has two effects : it reduces the
spacing between successive pulses, and also introduces
arbitrary and disconnected changes in pulse width from
one pulse to the next. In these circumstances we can
expect our previous result to hold only if the response
of each pulse is in no way “‘conditioned > by the previous
pulse, i.e., as long as the receiver circuits have time to
return to a completely inert state before each pulse arrives.
In the practical case of the W.S.10 equipment the least
separation between pulses is approximately Susec., and
this should be adequate, as the response of each pulse will
have collapsed almost to zero in 2/Busec., which in this
case, with B=4 (Mc/s), is equal to }pusec.

Frequency content of a width-modulated pulse
train

77. We establish first of all a useful subsidiary theorem.
Letf (t, o) be a periodic function of t, of period Ty, where
T; is independent of «. Suppose also that f (t, «) can be
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expanded in a Fourier series of all values of « in a certain

range. Then we may write :
fit,) =
: ko 2rnt . 2=nt
Alx) + = Ap(e) cos -+ Bp{®) sin
n=1 T, Ty

78. Now suppose that « varies in any manner whatever
with t, while remaining within the range of values over
which the above expression is valid, say,

a= o ()
Then we shall show that

f {t, 2z }:A,, { Z(t) }
2rnt

x 27nnt )
+ 2 An { z(t)}cos +B, {Q(t)}sin — KD
n=1 T, T

This might appear to be obvious from the previous state-
ment, but against this it may be pointed out that the R.H.S.
is no longer a Fourier expansion, because its terms are no
longer necessarily periodic in t, ; we may describe it as a
quasi-Fourier expansion. However, a few simple steps
will' establish fully the correctness of the equation quoted.

79. Consider any instant t=t,. At this instant the
R.H.S. of the equation has the value :—

d Znntl
A, sa'(t,)}-f- = [An @(t,)}cos
n=1 T:
2rnty
+B, £ 2(ty) ¥sin ]
Tr

which is the value at t=t, of the series

0 2r
Ao{a(tx) l + 2 [An { e-(t,)}cos =
J n=1 Tr

2rnt
+Bn < 2(,) psin ——
T,

This last series is actually a Fourier expansion and for all
. values of t converges to a value of

f {t,z(q)} .......... v (2)

except for values of t at which f (t, «) is not continuous.
Thus the R.H.S. of equation (1) is equal to the value of
the equation (2) at time t=t, which is :—

f {t,, z(tl)} |

But this is true whatever the value of t,;, apart from the
points of discontinuity already mentioned, so that the
validity of equation (1) is established. For full analytical
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rigour the behaviour of the series at the points of dis-
continuity should be considered, but it is sufficient to state
here that in any practical case we may consider, where the
discontinuities are finite, they do not give rise to any
significant change in the argument.

4 »
[] i
i t
€ 4
] !
] [
U 1]
PSS N
: :
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l -2 t=0 TP t:Tr

Fig- 24~—Train of rectangular pulses

80. Let us consider the Fourier analysis of a train of
rectangular pulses of height E, width T, and recurrence
period T; as shown in Fig. 24. Then the function *= be
analysed is defined by :—

f() =0, 0< t<T,~Tp

f(t) =E, T,—Tp<t<T;

2nt 2nt
Let f(t) = g, 4 ¢ &, cos +b; sin —
T, T;

272t - 2m.2t
+ < agcos + by sin N
T,

T T!'

2nnt 2z.nt
+ < ah cos T -+by sin

4 r

Fadinf. . (3)

If we integrate both sides from 0 to T, we get

Ty
f f(t)dt = a4 T,

°
since all the other integrals on the R.H.S. vanish.  his

E- Tp =aOTl'

“reduces to

TP
T;

a3 =E

Multiplying by cos g'%gt- on each side of equation (3),
r

and integrating from 0 to T,, we get :—

T, 2rnt T an
f E cos dt =
Tr_Tp Tr 2

or Tr.ap 2rnt T, T,
= {E sin . —_—
2 Ty 2nn dT-Tp

E 2nn (T-Tp)
or ay = —-—sin —

nn T
E 2mTp
= —sin
nn T,
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2ant

By multiplying through by sin we obtain similarly :(—

r

E 2rn T
by =——< cos -1
N T,

Thus, substituting back in equation (3), we get :—

EfF=T ® 1 2=n T 2=nt
£ = —| —L 2—{sin P cos
zL T, n=In T, T,
2=n Tp 2=nt
- g l-cos sin ] e (4)
' Tp -4
Writing = —, we get :—
T: 2%
Erx *® 1 2=nt
f(t) =— [— + 2 — < sinnxcos
w2 n=In Ty
27nt
- (1—cos na) sin ] e e (4a)
T

E ® 1 2=nt
=—[— + & —< =sin
1l W) n—=!n Ty

2=nt
+ sin ( -+ nx ) ] .
T, '

Thus the train of pulses considered can be analysed into
2 steady component together with a series of sinusoidal
compenents whose frequencies are 1 (= f}, say) and its
harm  cs. T,

81. We may now apply the subsidiary theorem established
at the beginning of this scction. Suppose that «, instead
of being constant, suffers a sinusoidal modulation in
implitude «,, and angular frequency o, (=2=fg,) about a
mean value o, say,

o= oty ooy SIN ORL (5)
~vhere «, is less than «,.  We may also suppose that this
*hange in «, or Ty, is produced linearly by some modulating
roltage. Then the first term in the expansion 4(b) for
(t) becomes

E «
—< ¢ + o sin oy t
2n

o that the modulated pulse wave form contains a component
sroportional to the modulating voltage. We may allow
wurselves a slight digression here to see how this connects
vith the considerations put forward on the question of
ignal-to-noise ratio. In the W.S.10 equipment, to quote
vpre tal case :—
1000
Tp =3} £ 28 psec. T, = —9p.sec.
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== 025 at most.
1009/9

Hence o, =

Thus the modulation frequency component which can be
extracted from the modulated pulse train is only about 1/,
of the pulse height in amplitude, whereas, 12 the absence
of a slicer, the noise amplitude might be, under the con-
ditions postulated for comparison with A.M., considerably
greater than this. Thus it appears that, but for the action
of the slicer, the S/N rano would compare very un-
favourably with the A.M. casc..

82. Reverting to equation 4(b), we may now consider the
effect of the variation in « on the remaining terms. The
first term under the S is constant with respect to «, so
we have only to consider the other, and this becomes

E 2=nt
~—sin -+ nyy 4 nypsin eyt
7n T

This is of the form of a phase-modulated sinusoid, of centre

n . . N
frcqucncy—,l—, =nf; with maximum phase deviation nz,.
r
By P.M. theory, this splits up into sinusoidal components
as follows :—
(a) A centre frequency component of amplitude

E
Jo (nx)

wn
(b) Side frequency components nf; + sfi,
(s = 1, 2, 3, etc.) each of amplitude

E
Js (nx)

wn

where the Js are Bessel functions. It may be mentioned
in passing that it is this analysis of the modulated pulse
train which can be used as a starting point for an attack
on the question of hand-width.

83. Thus frequencies fi, nfy 4- sf;, (n = 1, 2, 3, etc))
are present in the modulated pulse train; and if the
modulation contains frequencies fi,;, fa, €tc., then by an
argument similar to the above we can show thatfrequencies
of the form nf; + s;fin; + Se fme (51, 83 = 0, 1, 2, 3, etc.)
will also be present. Thus a width-modulated pulse
train contains a complex group of frequencies, and it will
be appreciated that it is not very easy to set up a satis-
factory criterion for the band-width sufficient to ensure
good reproduction of the whole pulse train.

84. Another important phenomenon we may note here
arises from the above. The term in the spectrum of a
pulse train carrying a purely sinusoidal modulation, of
frequency corresponding to that modulation frequency,
arises from the first term in the original Fourier expansion.
But frequencies such as f; - i, f; - 2f, etc, are also
present, and some of these may tall within the A.F. range
being used. As there is no means of removing them, they
consitute a source of distortion, and if, as is sometimes
done; a number of P.W.M. wireless links are used ‘‘in
scries,” this distortion will be cumulative. The severity
of the distortion depends on the amplitudes of the spurious
A.F. components, which in turn are dctermined by the
values of the appropriate Bessel functions. Thus, -for
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cxample, if we take n == 1, s = 2, f, = 9kc/s, fi, = 3ke/s,
then the component of the above type of frequency
fr — 2fi, (i.c. 3ke/s) will have amplitude

I

Ja (o)

where o; may lie between 0 and 0.02 X 2x. This gives
a maximum value for the amplitude of about

E

—>.002

v

and we may compare this with the amplitude of the 3kc/s
component arising from the first term of the cxpansion,
namely, E oy E
— X — = — X 0.066

= 2 =

Thus the distortion in any one link is apparently glight.
although its effect may be aurally unpleasant when the
frequencies concerned do not enjoy the above simple
relationship.

The method of width modulation

85. Wec may writc equation {5) of the previous section
in the morc general form :(—
o =X it gV

where v is the instantancous valuc of the modulating
voltage, not nccessarily - sinusoidal, and ¢ is a constant.
Suppose we measure time t* from the instant of the onset
of the pulse when unmodulated, and express v as a function
v(t?) of this new variable. Supposec also that the pulse
starts, when modulated, at time t': t,. Then

2=ty

O — Jg == — °
T,
so that t, is determined by the cquation :—
g =
2=,

== pv (1)
r

the solution of which can be determined by finding the
point of intersection of the graphs ,

2=
y — — ttandy - V(1Y)

el )
It will be seen from Fig. 25 that this involves exactly the
same statc of affairs as has been previously envisaged in
describing the type of modulation cmploved in practice,
so that paras. 77 to 84 are concerned with modulation

M
y=V ()
—
A
A-OtS P
= '25 Y pTr t
Fig. 25—Width modulation
Page 30

RESTRICTEL

ELECTRICAL AND ME™ NICAL
ENGINEERING REGL.«TIONS

of this type. The result of paras. 77 to 84, that the width-
modulated pulse train contains a component proportional’
to the modulation voltage, thus applies to this: type of
modulation, the only restriction being that the distortion
components discussed in para. 84 shall be negligible.

Comparison of the A.M. and P.W.M. signal-to-noise
performance '

86. The following is an attempt to make the above com-
parison on simple grounds, with a statement of each
assumption made and some estimate of its validity. Any
disagreement with published researches on -the subject
will probably be found to arise from variation in these
assumptions. The comparison involves three systems,
which are as follows :—

(a) A P.W.M. system using a mean pulse width q,
with a maximum deviation from this value of d,
leading-edge modulation being used. The pulse
recurrence frequency is f;, and the  ‘hest
modulating frequency fi,.. The P.W.M. receiver
has its band-width B c/s, large enough to allow
it to.pass the narrowest pulse without reduction
in amplitude. The receiver ‘is provided with a
slicer, and a low-pass filter with uniform response
up to its cut-off frequency, which is fp,.

(b) An A M. system, in which the receiver has a band-
width of B ¢/s; and the maximum modulating
frequency is fp, as before.

‘c) An AM. system identical with (b) except that the
receiver has a band-width of 2fy,.

87. We assume that all the band-widths are idealized,
i.e., response is constant within them and zero outside,
with no phase distortion. This gives a good approxi-
mation to the action of practical circuits, even though the
characteristics just quoted cannot be realized in practice.

88. Of the three systems mentioned in para. 85, (a) and
(c) are the ones we actually wish to compare; (b) is an
intermediate case linking the other two. We take it that
the mean signal power fed into the three receivers-ig the
same, and also that the noise power generated in  h is
the same per unit of band-width, so that the total noise
power is the same in (@) and (&), but smaller in (¢). The
term S/N ratio will be used only for the signal-to-noise
ratio in the A F. output. '

89. Suppose that in system (b) an unmodulated signal
power P is sufficient to give a carricr of amplitude twice
that of the noise. Then the noisc will give rise to A.M.
of depth 50%,, as against a possible 1009, signal modula-

tion. As the latter requires a 509, increase of signal

power, wc obtain the result that with input signal power
3P;2 an optimum S/N ratio of 2 is obtained, measured in
terms of eelrage.  Now in system (c) the same signal input
power will give rise to the same A.F. voltage output, but
the noise power generated will be reduced in the ratio
2fm : B, Thus the noise voeltage output will be multiplied

2f, i

bv a factor [——m——] and for this system the S/N
BR"

B

! ,
ratio becomes 2 [ ] Finally, in system (a),
2

let usassumethat inthe first place a signal of pulse p¢ .rP?

(=KkP, where k is greater than unity) is fed into the receiver.
Then in the output of the first detector the pulse com-
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onent will have an amplitude of 2k! times greater than
+hat of the noise component. Thus the condition of Fig.
3 (¢) exists and operation of the slicer is possible.

0. It has already been pointed out in para. 31 that if the
ulse component of the first detector could be perfectly
sctangular, then no noise could appear on the sides of the
ulses, or, as a result, in the A.F. output. Thus the
itrusion of noise is due to degeneration of the puise shape
ssulting from restriction in band-width, We shall accept
1e result already used that if the rectanguiar pulse is fed
1to a network of band-width B ¢/s, then the output pulse
ill be trapezoidal, with sloping sides, each of duration
B sec. This rcsult can be argued quite closely from the
revious ones made about the ideal performance of a
etwork within its band-width. Hence, in the present
ise, the pulse component of the output of the first de-
ctor will be of the form just quoted. The slicer can be
't to operate at two levels close together, of which the
wer bisects the sloping sides of each pulse; as a result
ie slicer output would be, in the absence of noise, of the
me duration as the original rectangular pulse; more-
‘er, except during the sloping sides of each pulse, the
icer levels will be clear of noise. We have now to con-
ier the noise that will arise in the A.F. output as a result

the noise on the sloping sides of the pulse. Fig. 26
a diagram of the leading edge of the pulse,

4
C
[
v/
1
t
LSE H
ATAGE v
,H
1
'
)
1=0IS >
- 206 | o
(e S >t

Fig. Zé—Leading edge of pulse

In this diagram the time interval KB' = 1/Bk#,
that KL=pulse amplitude/2k! = noise amplitude.
is when the pulse wave form has reached the point
and not before, it may hgppen that the instantaneous
1e of the noise voltage present is sufficient to lift the
1 voltage to that value required for operation of the
xr, so advancing the start of the pulse by 1/Bk} sec.
ilarly the start of the pulse may be delayed to N,
re B'N = KB'. The trailing edge of the pulse may
er the same displacement in either direction, so that
pulse as a whole may be lengthened or shortened by
amount 2/Bki. We shall assume that the net effect
1e same as the variation of this amount operating on the
ing edge only. This assumption ignores the phase
lacement resulting from the displacement of the trailing
: of the pulse ; it does in fact seem likely that the sub-
1ent demodulating circuit will prove insensitive to this.

Thus we now have a pulse width variation due to
e of amplitude 2/Bkt which might appear could be
ipared directly with the maximum variation due to
ial modulation, namely, d. There are, however, two
ors still to be taken into account :—
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(a) The mean signal power has still to be equated to that
used in the A.M. casc.
(b) The effect of the A.F. filter has to be considered.

In the P.W.M. system the pulse power kP is present only
for a time af; in each second, so that the mean power is
af kP, and'this is still the correct value during modulation
to any .depth. Hence we must equate this méan power
to that used in the A.M. systems under the conditions
in which the optimum signal-to-noise ratio is obtained,
i.e., to 3P/2.

This gives :—
aftk = 3/2
or k= 3/2af;

and hence the pulse width variation due to noise becomes

2 2af, Y3
Z x [
B 3
and the optimum signal-to-noise ratio in the absence of an

A'F. filter is obtained by dividing d by this expression,
which gives :— :

dB [ 3 ]i
—_— X

93. The action of the A.F. filter may now be considered
as follows. We assume that the A.F. noise spectrum
extends from O to f; with uniform amplitude; this in turn
depends partly on the assumption that width modulation
of a pulse train of recurrence frequency f; at a modulating
frequency above f; is impossible. This last is definitely
untrue, so that our original assumption ignores part of the
noise spectrum, and we are thus assuming a greater con-
centration of noise energy between 0 and f; than actually
exists, thereby undervaluing the action of the A.F. filter in
improving the S/N ratio. Thus on the original assumption
the A.F. filter, which passes only frequencies up to fiy,
will multiply the noise energy content of the output by a
factor f;,,/f;, which is less than unity. This factor would
of course have been smaller if we had assumed an extension
of the AF. noise spectrum beyond fr. Thus the A.F. noise
amplitude will be multiplied by a factor (fy/f;)i, and the
final expression for the S/N ratio is

dB [ 3 ];, [f,]§
—_— X X —
2 2af, - fm o

Hence, using the expression previously obtained for the

-S/N ratio of the A.M. system (iii), we get :—

Wide-band gain ~ S/N ratio of P.W.M. system
of PWM. =
S/N ratio of A.M. system

dB [3 ]1} [f, 3

—-—— X X —_—

2 2af,
1

B
2 x [._.]
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This reduces quite simply to the form
(3aB)* d

X —

4 a

94. From this it can be seen that, although a certain
minimum band-width is essential so that a pulse of the
minimum width a~d can be passed without loss of ampli-
tude; it will in fact be advantageous to exceed this band-
width so as to improve the wide-band gain. It can also
be seen that as long as B can be made large enough, it is
also advantageous to make d as nearly as possible equal
to a.

D.M.E. Encl. No. 9 to 57/Maintenance/1310.
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95. For the W.S.10 equipment, the above formula gives
a value

(3 x3.33 x 10® x 4 x 10%t 3.33-0.5
X
4 3.33

= 1.34,

the mean pulse width employed being 3.33usec., and the
receiver band-width 4Mcfs. The improvement in the
signal-to-noise rdtio is one of the factors which makes it
possible to operate the W.S.10 with a smaller mean power
than that of an equivalent A .M. system.

END
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